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Surface acoustic waves ͑SAWs͒ are of great interest in many respects: ͑i͒ SAWs play a key role for frequency filtering in mobile phone and satellite telecommunication; ͑ii͒ SAWs are a well-established probe in materials science for material characterization 1 and quantitative determination of the elastic constants of bulk and thin films; 2 and ͑iii͒ recently SAWs have also been employed in more basic studies, e.g., to modify the electronic properties and to induce spin transport in semiconductors. [3] [4] [5] Thus, understanding the nature of acoustic wave fields, particularly of their interaction with structural features and local elasticity, is not only important for the advancement of SAW devices but also of scientific interest.
Chilla and co-workers demonstrated that scanning probe techniques-despite their large response times-are sensitive to high frequency ͑HF͒ surface acoustic wave fields (ϳ10 MHz→ϳGHz). By utilizing the unique spatial resolution of the scanning tunneling microscope ͑STM͒, amplitude and phase of Rayleigh waves were detected with nanoscale resolution, 6, 7 i.e., far beyond the diffraction limit of optical detection systems. 8 Behme et al. 9 recently determined the phase velocity of Love waves by atomic force microscope; these SAWs exhibit a purely in-plane polarization and therefore are difficult to detect with standard techniques.
In this study we employed our UHV SAW-STM 10 to investigate high-velocity-pseudo surface acoustic waves ͑HVPSAWs͒ on Y -cut LiNbO 3 . HVPSAWs are special types of PSAWs which are known for leaking energy into the bulk during propagation. Since HVPSAWs exhibit higher phase velocities than normal SAW modes, the operating frequency of SAW devices can be increased without necessarily decreasing the lithographical feature sizes. Compared with the well known Rayleigh waves, HVSAWs have a predominant longitudinal oscillation behavior. On Y -cut LiNbO 3 , for instance, the component perpendicular to the surface (u 3 ) amounts only 3% of the in-plane component (u 1 ); for the correponding Rayleigh mode u 3 Ϸ1.3u 1 . Although HVPSAWs have been extensively studied theoretically in the past, very little experimental work has been devoted to them because of the difficulties involved in detecting their predominant in-plane polarization. We will show here that also the SAW-STM is sensitive to the in-plane components of the surface oscillation and that amplitude and phase information can be deduced even from atomic scale features of the surface.
The experiments presented here were performed in an UHV system consisting of separate chambers for sample preparation and SAW-STM investigation (base pressureϽ2 ϫ10 Ϫ10 hPa). The UHV SAW-STM-developed recently in our group 10 -is based on a commercial Omicron STM-1 and has been modified by adding a UHV-compatible highfrequency wiring system for SAW excitation and signal detection up to frequencies of 1 GHz. The substrate is a Y -cut LiNbO 3 piezoelectric single crystal, carrying a lithographically fabricated interdigital transducer ͑IDT͒ for exciting the HVPSAW. As confirmed by a frequency analyzer, its frequency is 210.06 MHz, i.e., well separated from the Rayleigh wave at 120 MHz. In addition, a 100-nm-thick gold film-forming the conducting layer for the SAW-STM experiments-was deposited in situ into the acoustic beam path of the IDT. To favor the formation of extended flat terraces we choose a substrate temperature of 400°C and a rate of 0.1 nm/s.
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The experimental setup of a SAW-STM is schematically illustrated in Fig. 1 . The STM tip is positioned above the conducting film on the piezoelectric sample, which is located in the propagation region of the SAW excited by the IDT on the left. The SAW-induced surface oscillations at the frequency f SAW give rise to a HF contribution to the tunneling current between tip and conducting layer. The HF component is mixed at the nonlinear current-distance characteristics of the tunneling gap with a HF voltage V mod at the frequency f SAW ϩ⌬ f , which is added to the common dc tunneling voltage V 0 . The mixing signal at the difference frequency ⌬ f is chosen to be in the kilohertz range, where it can be easily analyzed by conventional STM electronics and lock-in technique. The mixing signal, which is recorded simultaneously with the topography, exhibits the amplitude and phase information of the SAW. Particularly the latter can be used to quantitatively determine the eccentricity of the SAW oscillation ellipse on areas as small as 5ϫ5 nm ͑Ref. 12͒.
The Au film-used as a conducting layer in our tunnel- ing experiments-exhibits a textured morphology and consists of crystalline islands with mainly hexagonal and occasionally rectangular shapes and dimensions ranging from 10 to 150 nm. The STM topview of Fig. 2͑a͒ shows a grain with a 30 nm wide horizontal plateau that is framed by a 2 nm high bulged border (B). The plateau consists of atomically flat extended ͑111͒ terraces separated by two steps, S 1 and S 2 , of single atomic height. While scanning the topography, also the phase and amplitude at the difference frequency are simultaneously extracted from the tunneling current. The corresponding grayscale images, displayed in Fig. 2͑b͒ , demonstrate that SAW-STM is indeed sensitive to SAWs with negligible out-ofplane oscillation. Interestingly many details of the surface morphology can also be recognized in the two SAW-induced images, such as the plateau with two monosteps or its bulged border.
According to the model of Chilla et al., 6, 13 both amplitude A and phase of the distance modulation signal measured in the SAW-STM experiment depend on the local tilt of the surface. Since the electrons tunnel mainly along the shortest line between tip apex and sample surface, the oscillation ellipse is monitored at different stages depending on the local inclination angles ␥ x and ␥ y of the surface along and perpendicular to the propagation direction of the SAW ͓compare Fig. 3͑a͔͒ . The detected amplitude and phase modulations obviously are linked to structural features and therefore are the result of the imaging process and not due to local variations in amplitude or phase. In fact, with a wavelength of about 3.5 m, both amplitude and phase of the excited leaky wave are essentially constant on the length scale of typical STM images (⌬Ͻ6°for Fig. 2͒ . Quantitative evaluation 6, 13 yields the following equations for A and :
Here g x ϭ(tan ␥ x ) 2 and g y ϭ(tan ␥ y ) 2 account for the local tilt that is given by the inclination angles ␥ x and ␥ y , respectively. ␤ denotes the eccentricity angle of the oscillation ellipse and is calculated by ␤ϭarctan(u 1 /u 3 ) from the respective longitudinal and transverse displacement amplitudes u 1 and u 3 (u 0 ϭͱu 1 2 ϩu 3 2 ). Note that because of the derivatives occurring in Eqs. ͑1͒ and ͑2͒, the structural features are even more pronounced in amplitude and phase images compared with topography.
Comparison of the experimental results with phase and amplitude images simulated by Eqs. ͑1͒ and ͑2͒ enables the quantitative determination of the eccentricity ␤ of the SAW oscillation ellipse. Figures 2͑c͒-2͑e͒ show simulations for different values of ␤ using the experimental topography ͓Fig. 2͑a͔͒ as input parameter. Obviously, the best agreement with experiment is achieved with ␤ close to the theoretical value ␤ th ϭ88°for the HVP-SAW on Y -cut LiNbO 3 . The influence of topography is reproduced on a quantitative level for structural features with dimensions above 1-2 nm. This concerns, for instance, the increase of phase ͑bright͒ or the re- duced amplitude ͑dark͒ at the inclined border compared with the interior of the horizontal plateau. For ␤ϭ80°the agreement with experiment is significantly decreased, pointing to an experimental accuracy of about Ϯ5°. Note that the respective amplitude contrast is even inversed for ␤ϭ36°, i.e., the value of the Rayleigh wave ͓Fig. 2͑e͔͒.
In addition, the experimental results of Fig. 2 indicate a breakdown of the current model once the feature sizes approache atomic dimensions. In fact, the two single steps S 1 and S 2 resolved in Fig. 2͑a͒ are imaged with opposite contrast compared with the simulated phase and amplitude images ͓e.g., Figs. 2͑c͒-2͑e͔͒. In the model of Chilla et al., 6, 13 it is assumed that tunneling proceeds from facets with dimensions exceeding the typical area from which the ͑major-ity of the͒ tunneling current is collected (ϳ1ϫ1 nm 2 ). As illustrated in Fig. 3͑a͒ , in that case the STM tip probes amplitude and phase of the geometrical projection of the oscillation ellipse according to Eqs. ͑1͒ and ͑2͒.
A different situation is encountered when the feature of interest lies inside the tunneling regime. Figure 3͑b͒ compares tunneling from a horizontal terrace and close to a step edge. As long as the tip scans the terrace ͓Fig. 3͑b͒, left͔, mainly the vertical oscillation component is detected; the in-plane oscillation of the SAW is not accompanied by a change in the overall tunneling current. At a step ͓Fig. 3͑b͒, right͔ the upper terrace dominates the tunneling current due to the exponential decay with distance. The lateral oscillation of the SAW periodically increases and decreases the fraction of the current tunneling from upper terrace, thus giving rise to an additional modulation of tunneling current; note that its phase is shifted by /2 against the vertical component.
Estimation of the mixing signal (I ⌬ ) measured by an atomically sharp STM tip on the terrace (T) and at a step edge (S) yields the following expression:
With typical values for the tunneling distance (d 0 ϭ1 nm), the surface oscillation (u 1 ϭ0.05 nm and u 3 ϭ0.00175 nm, corresponding to ␤ϭ88°), the reciprocal decay length of the terrace ( T ϭ0.01 nm), and a decreased work function 14 at the step edge by 25% modifying S appropriately, the amplitude of the mixing signal at the step is by a factor of 2.2 larger than on the terrace contrary to experiment; the corresponding phase is 79°. A more detailed analysis reveals that the relative contribution of the lateral oscillation to the total signal depends strongly on the shape of the STM tip. Since the collection area for the tunneling is increased with more rounded tips, the lateral step movement contributes less to the total tunneling current and reduced amplitudes may be observed at steps. For a flat tip with an apex of about 2 nm the amplitude at a step is already smaller compared with the terrace and accordingly there is only a very small phase change. We remark that a tip apex of about 2 nm can be deduced from the step width measured in the topography of Fig. 2͑a͒ .
In conclusion, our study demonstrates that UHV SAW-STM is indeed a powerful nanoscale probe for identification of SAWs and for investigation of SAWs with even negligible out-of-plane components. Whereas phase and amplitude images are properly described by the model of Chilla et al. 6, 13 on extended facets, both the tip geometry and the local surface movement have to be treated in more detail once the feature size reaches atomic dimensions. As revealed by our analysis, also the mixing signal measured at a step edge contains information about the eccentricity, and thus of the ratio u 1 /u 3 of the surface oscillation. Since u 1 /u 3 is directly related to the elastic constants, the latter result is particulary promising for future studies of nanoscale elasticity.
